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SYSTEMFOR SENSINGGAS TEMPERATURE

By RichardS. Cesaro,RobertJ. Koenig
and GeorgeJ. Pack

SUMMARY

Varioustheoreticaland practicalaspectsof a pressure-
sensitivesystemfor the measurementof gas temperaturesin gas-
turbine-enginecombustionchambersare analyzed. An experimental
setupwas operatedunder controlledconditionsof’temperature~
weightflow,and wall temperature.The gas temperatureaftercom-
bustionwas “obtainedby applicationof a relationequatingthermo-
dynamicconditionsbeforeand aftercomlmstion.This methd of gas-
temperaturesensing appearspraoticalfor high-temperatureappli-
cations. The accuracywith whichgas temperaturemay be determined
by thismethodis within*2 percent. Measurementsmade by the
thermodynamicmethodwereused as a temperaturestandatifor com-
parisonof temp?ature data obtainedfrom conventionalthermocouple
probes.

INTRODUCTION

With the ~vent of gas-turbineengines,the controlsdesigner
has been confrontedwith the seriousproblemof operatingengines
not onlyat hightemperaturesfor maximm efficiency,but alsoat
temperatureslow enoughto be withinthe eafe operatingrangefor
the materialsused.

It thereforebecomesimperativeto incorporatedtemperature-
limitingcontrolsto preventenginefailureby overheating.
Temperaturecan be used. both as a primarycontrolpammetir and as a
temperature-sensingparameter.Any means of sensinggas tempe=ture
for applicationto controlsmast meet the fol?-owingrequirements:
(1)havean cntputthat is a simplefunctionof true gas temperature
undervariousconditionsof weightflow,temperatureof,surrounding
materials,density,oomposithn of gas, and temperatui%level;
(2) providean out~t that is easilyincorpomtedin a control;
(3)havea rapidresponseto transientconditions;(4)havean
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extendedtemperaturerange;(5)havea long life;and (6)be
independentof materialcharacteristicssubjectto changewith
time and use.

The most conanonlyused methodsfor measuringtemperature
employthermocouplesor resistance-wirethermometers,both of which
havethe advantagesof simplicityand durability.Thesedevioes,
however,do not providesufficientlyideal_outputswhen consider-
ationis givento the inherenterrorsresultingfromradiation,
heat conduction,and velocitylossesthat ocourat elevatedgas
temperatures.In addition,chemicalactionon instrumentmaterials
can resultin a changeof calibrationas wellas in a reductionin
life,whioh is a particularlydifficultfactorto contendwith
becausethe mass of the unitmust be largein order-tolengthenlife;
whereasthe requirementof rapidresponseto a transientdemandsthat
the mass be small. At temperaturesbelow1000°F theseerrorscan
be reasonablynegleotedin controlwork. At elevatedtemperatures,
however,suoherrorscannotbe neglected,~rticularlyradiation
errors,becausetheseerrors appearas the differenceof the fourth-
powerfunctionsof the two temperaturesinvolved.

As a possiblemeansof circumventingpresentdifficulties,a
theoreticalanalysiswas oonductedat the NAC!ALewislaboratory
usingthe thermodynamicpropertiesof gasesas basicparameters.An
equationhas been developedbased on these~~perties (reference1).
This equation,basedupon the expressionfor weightflow,correlates
gas temperatureswithmeasuredpressuresbeforeand aftercombus-
tion. Such pressure measurammtsare independentof radiationor
heat-conductioneffeots,and thereforepermitan evaluationof the
truegas temperatuzw(withinthe aouuracyof pressure-measuring
instrumentation)as longas the idealgas lawsapply.

Varioustheoreticaland practicalaspectsof the pressure-
sensitivesystemfor gas-temperaturemeasurementare discussedherein.
The systemwas appliedto an experimentalburnersetupoperating
under controlledconditionsof temperature~eyel,weightflow,and
test-seotion+all*emperatuR. Severalmethodsof measuringweight
flowwere analyze~to determinetheirapplicabilityto the system.
Particularemphasisi.sgivento a discussionof the pitot-statio
methodof determiningweightflowby analyzingthe velocityprofile
acrossa test seotionat elevatedtemperatures.

For comparisonpzrposes,the pressure-sensitivemthod (refer-
enoe1) is consideredas a referencesystemfor sensingtemperature.
Data obtainedwith severalconventionalthermocoupleprobeswere
comparedwith datafromthis referencesystemovera rangeof
temperaturelevels,weightflows,and duct-walltemperatures.

.

.-
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ANALYSIS

Varioustypesof fluidrester,inoludingorifioes,nozzles,
venturis,and pitottubes,or combinationsof suchunits,may be
emyloyedto evaluatethenncdynamiorelationsof referenoe1 in
termsof gas temperature.Experimentaldata reportedhereinwere
obtainedusingan orifioe beforeccmbustion (station1) ati a
pitot-statictube aftercombustion(station2). The general
weight-flowequation,whiohappliesfor all fluidmeters, is

w.~v (1)

(Definitionsof synholsused. in this sectionare givenin
ap~ndix A.)

OrificeEquation

The specific,equationfor flow through
from equation(1),is

an orifice, developed

,
The measurementsrequiredby equation(2]for the determinationof

b weightflowat station1 oan be readilyand accuratelyobtained
usingan orif’ioeinstallation,as recommendedin reference2.

PitotWube Equation

Discussionof pitot-tubemethcd.- A pitot-statictubewas
used at station2 becauseof the cmvenfence of thismethcdwhen
dealingwith high-temperaturegases,inasmuchas It offersnegligible
resistanceto gas flow,has a rapidresponse(reference3), and is
simplein construction.The epecifioequationfor weightflowwhen
appl@g the pftot-static@be for flowmeasurementat station2, as
developedfrcmequation(1),is

(3)

When usingthismethodit is importantto realizethat the
measuredvalue of AP (thetotalpressureminusthe staticpressure)
is that of the specificpointat whiohthe pressure-sensingprobeis
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located. In
is not flat,

general,the flow or velocityprofile
therefore AP is not constantacross
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acrossa section
that section. In

orderto make the systemapplicableto the temperatureeauation.it
is necessaqythat a single~pointIndicationbe-proportlcn%lto ~he
totalweightflowthroughthe section. It thereforebecmes essential
to determinethe relationthatexistsletweena measuredvalueof
AP, whichi.squitereadilyobtained,and the effectivevalueof AP,
whichis a functionof the averagevelocityof the gas. If it is
assumedthat the effectsof cha~es in buundarylayemon weightflow
overthe rangeof temperatureoperationconsideredremainessentially
oonetant,the ratioof the effective AT to a measuretiAP oan be
evaluated.

In orderto successfullyapplyequation(3)for a givep
apparatus,whetherit be an aircraf%parer@ant or a simplestra@t-
throughpipe,the relationbetweena measured AP and the effeotive
AT must be consistent (Apeff/ApMaH = C?,a constant).If this

consistencydoesnot exist,the ~thcd presentedhereinfor gas-
temperdure evaluationcannotbe applied..It shculdbe noted,however,
thata consistentratioof &Peff/APMas willbe coneideredassuoh

only inregami to the individualappltcattonand the accuracyof ges-
temperatureevaluationdesired. For example,in one installation
an evaluationof gas temperatureto withinAIO peroentmay be suf-
fient;the ~tiO @eff/APme~ thereforemay vary4iL0percentar@

be consideredconsistent.In anotherlnstallatiun,wherea gas-
.

temperature-evaluati.inaccuracyof+2 percentis iiesired,a+3 percent
variatiOnin ~eff/&mas couldnot be consideredconsistent.For h

the data presented,the evalua%fonof APeff/APWas was made over

an extended.temperaturerangefor fullydevelopedturbulentflow in
a pipe; furthemnore,AP was measuredat the centerof the gas stream
so that APuas = AP=.

Evaluationof APeff/AP=. - If a fullydevelopedlaminam

flowvelocityprofileis reelizedin the section,it is possibleto
determinethe ratio .APeff/AP= fromtheontical considerations.

Becauseexperimentaldatawere obtainedfor turbulent-flowconditi~s
only,experimentalmethodshad to be employedin orderto evaluate
the ratio.

The velocityprofilein a duct cannotbe definedby a simple
mathenwtioelrelationwhen turbulent-flowconditionsare obtained.
The profileis more nearlyunifomnundertheseconditionsthan for
laminarflow. Figure1 showsa typicalcurveof the velocityratio b

.
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v/vm as a functionof Reynoldsnumber. Thesedata

by Stantonand Pannellin 1914and were obtainedfrom

5

were recorded

reference4,
The curvesham that in the lsminarregion A the velocityratio
is of the order 0.5. A veryrapidchangefrcm 0.5 to 0.72 is noted
in the transitionregion B. In the fullydevelopedturbulent
region C, the velocityratio is nearlyconstantat a valueof
approximately0.78. It shouldbe noted,however,thatthese
numericalvalues probablywouldnot applyto flow conditionsthat
existin turbosetengines. The impofiantpoint
velocityratiomust existbeforea singlepitot
determine Apeff for any application.

A directmethcdof evaluating APeff/APmx

is that a consistent
tube can be used to

—

is to obtain

actual AP profiledataby makinga t~verse of the sectionusing
a pitottube. Particularattentionmust be givento recording
accuratelydata obtainednear the pipewalls,becausea steep ,
gradientexistsin that region.

Inammzchas

w= P AT (1)

where V, the averagegas

when p is a functionof
of radiussquared,a value

ationsof AP (measured).

velocity,ix a functionof ~~f

p/XEP (appendixB), ati A is a function
of APeff can be obtainedfrom consider-

ingorderto obtainthis value, it is
necessaryto plotthe squareroot of the measuredpr’essutisagaf~t .
the squareof the radius. Figure2 showsthat ~~ Is propor-

tional to A’, the areaunderthe curve,and = is pro~r-

tionalto area A’ plus A“, the hatchedarea. Therefore

A’
Af +A”

or

[ “)
2

‘eff A’—=
AP=

=C
A’+A :

(4)

The ratioof APeff/AP= can be determinedquitereadily

froman analysisof measuredpressures.
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The average AP, calculated froma tmverse of the section
with a pressureprobe,does not havethe same significanceas the
effective AP based on the considerationsof an averagevelocity
aorms that section.

.

Anothermethcdof evaluatingthe ratio APeff/ApM canbe

used if the gas temperatureafterccmbustio~(station2) is known
for at leastpart of the temperaturerange. For this case,the
weightflowat stations1 and 2 can be equatedand solvedfor
Apeff;tk Ntio Cm then%e foundby usinga measuredvalueof
APMX . In orderto equatethe weightflowat stations1 and 2, it

is necessaryto accountfor the additionofifuel:

(5)

The weightflowat station2 (equation(3))is equalto the

()weightflowat station1 (equation(2))times 1 + ~ . When a
‘1

thermocoupleis used to determinegas temperatureat station2,
as it was for this experimentalanalysis,errors can be expectedat
temperaturesexceeding1000°Fj at whichtemperatureradiationerrors
of thermocouplesbecomeprominent.The weighti-flm”evaluation
methodwas used as a checkon the ~ressure-survey methcdonly in the
rangein whicherrorsof thermocouplescouldbe neglected..A
the6retical_discussion
givenin appendix(!.

Generalequation.
for weightflowmay be

of thermocouplesand theirinherenterrors is

TemperatureEquation

- The orificeand pitot-static-tubeequations
equated:

When the

equation

—r

E2A#’2~2$~2AP2 = AIKIEIY1~=
()

l+L (6)
‘1

density p is replacedby its equivalent$ ‘(appendixB),

(6) can be solvedfor T2.
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Equation(7)representsthe completetem~rature equationwith
whichexperimentaldata discussedhereinwill be concerned.

Simplifiedtemp?titureequation.- In reference1 it is shown
that,based on analyticalconsiderations,the term

‘ofequation(7) is very nearlyaonstant. Consideringthe term as a
constant,the temperatureequationbeccmes

For the resultspresentedherein,each factor
has been taken
substantiated.

(8)

of the coefficientN
intoconsiderationand the analyticalconclusions

APPARATUSm PROCEDURE

A schematicrepresentationof the apparatusused to obtain
the data presentedis givenin figure3. Air was drawnfromthe
atmosphere“andcompressedto a pressureof approximately3.5 pounds
per squareinchgageby two commericalblowersconnectedin series,
thenductedthroughthe ccmlmstionchambersand test sections. The
maximumair flowavailablewas approximately6.5 poundsper seoond
at a pressureof 2.5 poundsper squareinchgage in the test
sections. An orificedesignedand installedaccordingto A.S.M.E.
specifications(reference2) was locatedat station1, downstream
of the blowers,for the detenuinationof air flows. Lmated down-
streamof station1 were fmr combustionchmhers capableof heat-
ingthe maximumair flowto a temperatureof 2500°F. A flame
shieldand gas mixer,installedto shieldthe thermocouplesin
test sectionsfromradiationfrom the flamefrontand alsoto
effectuniformgas mixing,was locatedimmediatelydownstreamof
the combustionchambers. The gas leavingthe flameshieldand gas
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mixerwas ductedthrougha 10-inch-diameter
approximately15 feet,whereuponit entered.

NAC!ATN2043

Inconelpipefor
test sections1, 2,

.

.

a;~ 3, also 10 inohes-indiam@er ati arrangedin series~and
was finallydischargedto the atmosphere.

The instrumentationattest.sectionl.(fig.4), designated
station2, consistedof: a six-tubestatfc-pessuresurveYrake;a
six-thermocouplesurveyrake incorporatingsingle-shieldedt@rmo-
oouples;threethermocouplesembeddedin the wall of the test
seotion;and a total-pressurerake. A total-headtube of 0.030-
inch outsidedimeter, whichcouldbe positionedalongthe pipe s
diameterduringa run for the purposeof obtaininga,complete
total-pressure-profilesurvey was +s0 used.

Test section2, Illustratedin figure5, containedeight
thermocoupleshavingbead diametersof 3/8, l/4, 3/16,5/32,l/8,
3/32,1/16,and 1/32 inch,whiohwere arrangedin a ring concentric
with the pipe. Threeadditionalthermocoupleswere embeddedin the
wall of the test section.

Test seotion3 (fig.6) containedthe followinginstrumentation:
a thenocouplehavingan electriosllyheatedshield;a commerical-
type multiple-shieldthermoocmple;a gold-encasedsingle-shield
Bureauof Standardsthermocouple(refe&nce 5); threethermocouples
embeddedin the wall of tkdest section;and a pitot-statiapressure
tube in the gas stream. A outawaydrawingof the heated-shield
thermocoupleis presentedin figure7. Duringsteady-stateoperation,
the electric-heatercoil suppliedheatto the shieM surroundingthe
thermocouplelooatedin the gas streamuntilthe indicatedwall
temperatureof the shieldequalledindicatedgas temperature.When
thisequalityexisted,the gaa temperaturewas recordedunderthe
assumptionthat conductionand radiationlosseswere thenminimized.

Operatingconditionswere establishedby maintainingthe weight
flowat a constantleveland varyingthe fuel flowto the combustion
chambers,wherebythe time requiredfor ohangesfr~ one steadY-
statetemperaturelevelto anotherwas held to a minimum. In order
to presentthe effeotsof weight-flowvariationson the operationof
the varioustemperature-sensingprobes,threeweightflowswere inves-
tigatedovera tanperaturerangefrom approximately900°to 22f)0°F.
The flowsselectedfor thesetestswere approximately4.S, 5, and
6.5 Ioundsper second. A @d of weight-flowvariationsat station2
is presentedin figure8. For the temperaturerangeconsidered,the
gas velocitiesin the test sectionsvariedbetween300 and 800 feet
per secondwith the variousweightflows. The Mach number,however,

.

variedonly slightlyfor each setting,as can be seen fromfigure9.
b
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The effectsof conductionand radiationlosseson the thermo-
coupleindioationsof gas temperatureat oonstantreference-gas-
temperaturesettingswere investigatedby controllingthe test-
seotion-walltemperaturewith oooling-waterspraysactingon the
outsidewalls of the test sections. For runs in whiohwatercooling
was not used,therewas no variationin indioatedwall te?npezatmre
at any givenreferencegas temperatureduri~’variationsof weight
flow. This effectis illustratedin figure10.

RESULTSAND DISCUSSION

Evaluationof ConstantC

Profilesurvey.-The resultsof pressure-profilesurveys
takenat station2 for referencegas temperaturesof 550°,1500°,
and 2300°R are presentedin figure11. A plot of C for all
operatinggas temperaturesis givenin figure12. Any differences
in boundarylayer oaused by differencesin gas temperature(ref-
erence6] are smallenoughto causea variationin C of less than
0.5 percent. On the basis of theseresults,a valuefor C of 0.87
was selectedand used in the ewiluationof the temperatureequation
(equation(7))asapplied .todatapresente dherein.

Weight-flowequations.- The evaluationof C obtainedby
equatingthe weightflowat stations1 and 2, usingthermocouple
data takenat these stations, is presentedin figure13. As
mentionedin the sectionANALYSISand discussedin appendixC, inherent
errorsof the thermocoupleshouldbe oo=idered at temperaturesof
approximately1000°F (1460°R) and above,which is shownby the data
presentedin figure13. A comparisonbetweenthe weight-flowand the
pressure-surveyevaluationsof C is shownin figure14.

In view of the resultsobtainedby the two methcdsof evalua-
tion of c, and the simplicityof weight-flowmethodoverthe pro-
file survey,the weight-flowmethodshouldbe satisfactoryfor use
in determiningC in practicalapplicationof pressure-sensitive
temperature-sensingsystems,providingthis determinationis made
at temperaturesbelow1000°F.

Pressure-sensitiveSystemas TemperatureStandard

On the lasis of the fundamentalrelationsused in derivingthe
temperatureequation(equation(7))and the experimentalevaluation
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of the constant C, the pressure-sensitivesystemis hereinafter
considereda temperaturestandard. This standard,basedupon the
applicationof equation(7),introducesonlyerrorsof instrument
reading;the temperature-sensingaccuracyis thereforeconsidered
to be within&2 percent.

Weighingis the fundamentalmethodof fluidmeasurementand is
the techniqueused by the A.S.M.E.to establisha flow-measurement
standardfor fluidmeters,suchas an orificeplate,pitot-static
tube,nozzle,venturi,and so forth (reference2). The A.S.M.E.
has establishedfluu-measurementaccuracyof approximately5 per-
centfor thesevariousflow-measurementunits. Installationand
instrumentationrequirements,as establishedby the A.S,M.E.in
order to obtainthisaccuracy,were used in obtainingthe data for
the evaluationof the flowequationspresented.Inasmuchas the
maximumerrorIn weight-flowmeasurementis approximately+lpercent,
in effect,the maximumd.eviationof any one parameterin equation(3)
3s limitedto H peroent,and as weight-flowis evaluatedat two
separatestations,the maximumerrordeviationbetweenthe two
stationsis & percent. Becausedensity,and thereforetemperature,
is one of the parametersin equation(3),tie greatestdeviationof
temperatureis+2 percentfrcm a true absolutelevel. The stateof
develo~ent of pressure-measuringtechniquesis suohas to insurea
rapidresponserate for the pressure-sensitivesystem(reference3),
The errorinvolvedin the use of the simplifiedform of the tempera-
ture equation(equation(8))is shownto be quitesmallih figure15,
wherevaluesof the dimensionlesscoefficientN, plottedagainstgas
temperaturefor all operatingconditions,fallwithina band of4J.5
percent. Equation(8)was not used in connectionwith the temperature
Siandard,

COMPARISONOF THEFMOCOUITJZSWITH

TEWEWWRE STJYNMRD

No attemptis made to evaluatethe variousthermocouplesIn
thisdiscussion.A genera Lexpl.anationof the performanceof the
variousthermocouplesis givenin the theoreticaldiscussionof
thermocoupleoperationin ap~ndix C.

RadialTemperatureProfile

Atypicsl plot of gas-temperatureprofile,as measuredby the
single-shielded-thermocouplesurveyrake in test section1, is com-
~d to the tempemhme standafiin figure16 for referencegas

.
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temperaturesof approximately1450°and 2000°R. Becausethe gas
temperatureis uniformacrossthe section,a ccqarison can be made
betweenany thermocouple-temperatureindicationand the reference
gas temperaturegivenby the tempemture standardor reference
system.

Performanceof !l!hermocouples

A performanceplot is presentedin figure17, showingtempe~-
ture deviationsfrom the referencetemperatureof (1)a commercial
multipleshield,(2)a single-shieldsurveyrake acrossthe pipe
diameter(averageof all temperatures),(3)a Bureauof Standafis
gold shield,(4)aNACA heatedshield,afi (5)a 3/8-inch-diameter
junotionthermocouplefor weightflowsof 4.6, 5.3,and 6.6 pounds
@r secoti. Data for the Bureauof Standardsthermocouplewere not
obtainablefor the mass flow of 6.6 poundsper secondbecausethe
thermocoupleburnedout duringthe performancerun.

A plot showingthe percentagedeviationfrcmthe calculated
referencetemperaturefor four of the fivetypes of thermocoupleis
givenin figure18 for weightflowsof 4.6, and 6.6 poundsper
second. I&cm the slopeof the curves,it is apparentthat increas-
ing referencegas temperatureconsiderablyincreasesthe percentage
of error.

Influenceof !l?hermocouple-BeadDiameter

Indicationsof gas temperatureobtainedfromthermocouplesof
severalbead diametersare comparedwith the referencetemperatureat
2525°R in figure19. The datawere extrapolatedin o?ilerto obtain
an intersectionwith the referencetemperatureat a thermocouple-
bead diameterof zero. Withouta referencetemperatureto indicate
the true end conditionof gas tsmpezvatumat a thermocouple-bead
diameterof zero,etirapolationof the data curvesccxzldbe greatly
in error. Also,the differencesin temperatureindicationof the
samethermocoupleoperatingat a constantreferencegas temperature
but at variousweightflowsare quiteapparentfromthe data. An
equationrepresentingthe data ourvewouldbe impracticalwhen added
considerationis givento such factorsas varyingwall temperatures,
Mach number,and referencelevels.

Effectof Wall Temperatureon ThenuocoupleIndications .8

The effecton thermocoupleindicationof changesin conduction
and radiationlmses at variousreferencegas temperatureswered
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investigatedby controllingtest-section-well
cooling-waterspraysactingon the outsideof

temperatureswith
the walls. A plot

showingthe deviationof severalthermocouplesfrom the tempera-
turereferencefor a wall temperatureof 710°R is givenin
figure20. (Theeffectson thermocoupleindicationsof changes
in conductionand radiationlossesmay be seenwhen comparing
figs.20 and 17(c).) The percentagedeviationis givenin f’ig-
ures 21(a)and 21(b)for weightflowsof 4.6 and 6.6 poundsper
second,respecti-vely.The slopeof the curvesof figure19 shows
thatlargeerrorscan be encounteredat the higherreferencegas
temperatures.A tabulationof resultsgivingthe performanceof
the temperature-sensingprobesinvestigatedat referencegas
temperaturesof 2000°and 2400°R and variousweight-flowcon-
ditions,is givenin tableI.

CONCLUSIONS

Varioustheoreticaland practicalaspectsof the pressure-
sensitivesystemsfor the measurementof gas temperatureshavebeen
discussed.The gas temperatureaftercmnbustionwas obtainedhy
applicationof a relationequatingthermcd-ic gas conditions
beforeand aftercombustion.The followingconclusionsmay be
drawnfromthis application:

1. Determinationof gas temperaturesaftercombustionfrom
measurementsof gas temperaturesbeforecombustionand gas pressures
beforeand aftercombustionap~ars practicalfor high-temperature
applications.The temyeratu~-sensingaccuracyof thismethodis
withinM percent.

2. Temperaturechangesof the combustiongasesare accom@nied
by pressurechangesthatare in effectinstantaneous,are unaffected
by errorsassociatedwith conventionalthermocouples,and can be
utilized-ina controlsystem.

3. By usingthe thermodynamicmethcdas a temperaturestandard
for comparisonof thermocouples,it is determinedthat conventional
thermocouplescan be appreciablyin error in theirtemperatureindi-
cationsat gas temperaturesaboveapproximately1500°R.

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio,Julya29,1949.

.
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APPENDIXA

SYMBOLS

The followingsymbolsare used.in the sectionANALYSISand
in appendixB:

A

c

E

f

f3

K

N

~

P

R

r

T

t

v

w

Y

area, eq ft

constant, Apeff/~w

areamltiplier for thermalexpansion

fuel flow,lb~aec

accelerationdue to ~vity, ft/sec2

flow coefficientof orificeplate

( )%@2 ~2 1 ?constant, — — — —
El yl KIA1 1 + ~

W1

tdal pressure,lb/sqft absolute

staticpressure,lb/sqft absolute

gas constant

ratioof staticto totalpressure,

totaltempemture, OR

staticte~rature, %

averagevelocity,ft/sec

weightfluw,lb/see

p/P

ratioof flow coefficientof gas to that for liquia at same
Reynoldsnumber(reference2)

ratioof specificheatsat constantpressureand constant
volume

totalpressureminusstaticpressure, Y - P> lb/sqft
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‘Peff

Al?m

APWa~

P

v

w’

NACA TN 2043
.

pressureof averagevelocity,113/Bqft

pressureof maximumvelooity,lb/sqft

measuredvalueof totalminusstatiopressure,lb/sqf%

density, p/R17,lb/ou~

conversionfactorof hydmulio equationto compressible-
flowequation

particularvalue

Subscripts:

max maximum

1 station1

2 station2

of cp when p = p/RT (Seeequation.)

(beforecombustion)

(afteroakbustion)
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APPENDIX B

COMPRESSIBLE-FLOW EQUATIONS

The hylmmlic eq~tion for incompressibleflowmay be
mltipliedby inappropriateconversionfactor q) to obtainthe
exactequationfor compressibleflow. The expressionforthe
conversionfactor ~ ,maybe derivedfromthe ocmrpressihle-flou
equationby faotoringout the hydraulioequationso that the
remainingfaotoris the expressionfor the conversionfactor CP.

Bernoullitstheoremfor compressibleflowmay be written
as

(Bl)

The weightflow is

w =APOT (B2)

Substitutionof equation@l} in equation(B2)and replacementof
stagnationdensity pt with the equivalentadiabatiorelation

()

~
Z y gives

,
‘o p

.=.~g,+po,y’j~

The free-streamdensity P. may be replaced

~ a~ the equationsimplified:

by its equivalent
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This expressionfor compressible---flowmay be written

(B3)

(B4)

L )

This expressionfor ~ involvesthe density p, whichalso appears
in equation(B4)and may be arbitrarilyselectedas a ratioinvolv-
ing totalpressure P or staticpressure p dividedby total
temperatureT or statictem~rature t. For the case in which
the density p is selectedas p/RT, the conversionfactor Cp is
designatedp’ and equation(B5)is simplifiedas follows:

[) 17-1

g -T
TpY -1

(q)’)2 = t (p -Pp)(y -r (B6)
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The adia%atio

This relation

relationof the temperaturesis

1-7

()

TP
T

-=
t F.

may be substitutedintoequation

(B7)

(B6)to obtain

If the pressureratio p/P is set equalto r this equation
becomes

‘ (~~)(.y-l) ?’(cp’)2=

()

1
--1 (y-l)
r

or

,,,12 rod),
‘(1- r) (7-1) (B8)

Emluation of”theconversionfactor CPf for varicuspressu
ratios r showthe errorthatmay he expected.fromneglecting
q in the hydraulicequation(B4)wherethe density p is @@.
The greatestdeviationof the conversionfactor (p’ froml oocurs
at the critioalpressureratio,at which cp’ is approximately
0.945for the ratioof specificheats 7 ,equalto 1.3 for air at
a temperatureof 3000°R.
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APPENDIXC

CHARACTERISTICSOF THERMOCOUEGES

A briefsummaryof the significanceof thermocoupleindications
is requiredin orderto explainand to comparetemperaturedata
obtainedfromthermocoupleswith data obtainedfromthe reference
system.

When dealingwith thermocouplesit mustbe notedthatthe
indicatedtemperatureis that of the junctionitselfand not nec-
essarilythat of the mediumin whichthe junctionIs immersed. A
thermocoupleprobeinsertedin a hot gas streamindicatesthe
temperatureattainedby the thermalelementwhen a conditionof
themal equilibriumtith its environmentis reached. The indicated
temperatureis thereforea functionof severalmodes of heat
transfer,includingconvection,conduction,and radiation.

Velocityeffect.- Actualtotaltemperatureis alsoa function
of gas-streamvelocity.This relationcan be expressedas

T= To+Ta

where

‘o

Ta

J

Cp

free-streamtemperature

~2
temperaturedue to velocity, —

2@cp

mechanicalequivalentof heat

specificheatat constantpressure

Standardprobesare designedto partlystagnatethe gas stream
aroundthe junctionand therebyrecovera p~ of the t~l?e~ture tie
to velocity. Becauseprobesdo not recover all thistemperature,
theymust be calibratedfor this effectso that the corrected
expressionis

r

where r is the recoveryfactor.
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Inasmch as the probetemperatureis a functionof “heatin”
minus “heatout,” thesetermsmust be evaluated.and analyzedto
determinetheir

Heat in is
fromthe gas to
be expressedas

where

effecton

basically
the solid

the finalindicatedtemperature.

a functionof heat transferby convection
mterisl of the thermocouple,whichcan

qc = Sh(T -Tp)

qc “heat in!

s surfacearea in contactwith gas

h heat-transfercoefficient

T temperatureindicatedby lrobe
. P

The coefficientof heattransferis an involvedfunctionof
probeareaand weightflowacrossthe thermocoupleas well as the
viscosityand the compositionof the gas. In orderfor the probe
equilibriumtemperatureto approachtotaltemperature,the clifference

i.

(T - Ty) must be Stil.

to insuresufficientheat
overthe junctionmust be

.

Heat out (heatlost)
fromthe .Imctionthrough

It thereforebeccmesevidentthat in order

transferby convection,the weightflow
high.

is due to: (1) conductionof heataway
the leadsof the thermocoupleand,

(2)radia~ionofheatt~ coolersurfaces. (It shculabe noted
that if the walls of the duct containingthe gas are at a higher
terqeraturethanthe gas, then all heat flow is reversed.)

Conductionerrorsin indicationare givenby

T= TL T - TL
T -Tp=

F
cosh ~ ‘COS:~@

where

‘L temperatureat distance L fromjuncti~ I

L soE distancefrom junctionalongwires
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a chvumferenoeof tires

k cross-sectionalthermal

A cross-seotionalarea of

D diameterof wires

NACA TN 2043
.

conductivity of thermocouplewires

wires

From this relationit followsthat in orderto keepthe
conductionerrorsmallthe L/’D ratioand h must be large,
whereas k must be small.

Heat loss due to radiationmay ‘beone of the most serious
errorsencounteredin usingthermocou@esfor sensingelevatedgas
temperatures.This fact is readilyappreciatedwhen an expression
governingradiationerroris analyzed.

.

N
Cu
2

The heatloss due to radiationmay be exp=ssed as

where

e emissivityof radiatingbcdy

5 Stefan-Boltzmanoonstant

TV wall temperatureof radiatingbdy “

It shouldbe notedthatfor a giveninstallationof a thermo-
coupleprobe,the onlyvariablesoonoernedwith the radiationerror
are the temperatureof the Junotionand the temperatureof the wall
or radiatinglmdy. Slightchangesin temperatureappearas the
fourthpower,makingthe differenceand the resultingradiation
errorquiteappreciable.
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TABLE I
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Height flov
(lb/sea) Hz:. Rz:f E5%-

Deviation d tkmmomp.le frm wdnlated gas temperature, peroent

Hoosllieldea
aveznge
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tkmmoaaple

&3B
tkmocxu@-e themmcqile thezmxmuple

p=6gera- Withmt with wall WittitWithEMI Without WithH&U Uithout Withwall

(%)
cotJling Oooling Oaiog Omlhg cooling Oodlng Cooling coding
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6.35
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.260 610 2000 6.65 8.50 4.5) 7.30 ----
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4.70

2400 10.70 13.CQ 8.20 10.6?3 6.30 ----- 5,03 6.60
6.35 .300 715 24CXI 8.7S 13 .CxJ 5.70 U .00 --- ----- 3.50 7.lxl
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